Any process in nature is accompanied by a transfer of energy. Part of this energy can be used for doing useful work; part of it is dissipated or rendered latent. Moreover, in the burning of a substance, such as coal, only a small percentage of the available energy is at present utilized; the bulk of it is lost in the form of heat. This immense loss of energy is no doubt due to the clumsiness of our technique and to the imperfection of the work engines now in common use. This leads us to inquire whether similar processes in living organisms are more effident. An investigation has therefore been undertaken to find the ratio of the energy supplied and the maximum work obtainable in life processes. As a suitable subject for this purpose, it was decided to study the fixation of nitrogen through the agency of microorganisms, such as Anotobacter.
spedalization, it would be too much to expect biologists to possess this knowledge in addition to the mastery of their own special field. They are, however, willing to cooperate with physical chemists to bring about the desired progress in biological science. Unfortunately, whenever they present their problems to the physical chemist, they are always met with the statement: "Biological processes are so highly complex that they are not susceptible to thermodynamic treatment."
Biologists and agriculturists cannot, of course, get satisfactory information on this subject from text-books on physical chemistry, since these embody principally the views and guesses of physical chemists of past generations and are interesting from an historical standpoint only. In fact, it was only within recent years that the first serious attempt was made to base even chemical calculations systematically on thermodynamic principles. This was done by Lewis) and Lewis and Gibson3 It is hoped that by the use of their methods we may be able to do for general physiology, in a measure at least, what Lewis has done for general chemistry.
In order to find the maximum or free energy of any chemical process, such as the transformation of mannite into carbon dioxide and water, which certain bacteria utilize for the work required in decomposing sulfates, phosphates, nitrates, or in the "fixing" of nitrogen, we must know not only the change in the heat content attending the process, but also the change in entropy from the absolute zero up to the given temperature, T, at which the process takes place. We can then calculate the free energy of the process with the aid of the thermodynamic equation
where AF denotes the free energy charged, AH the change in heat content, and AS the change in entropy of the isothermal process in question.
The thermochemical data found in the literature, although very. extensive, are, with few exceptions, extremely inaccurate, while the measurements of usable entropies have only recently been started 1 Lewis, G. N., J. Am. Chem. Soc., 2913, xxxv, 1. 2 Lewis, G. N., and Gibson, G. E., ]. Am. Chem. Sot., 1917 , x-xxlx, 2554 under the direction of Lewis? However, the compounds in whose entropy Lewis and his coworkers are at present interested are not of the type which suit ou~ purpose. Furthermore, it may take many years before the data which we desire become available. We have, therefore, decided to set up a specific heat apparatus of our own, as well as a high precision bomb calorimeter outfit, for the accurate measurements of heats of combustion of carbohydrates and other organic compounds d]xectly connected with our work. In the meantime, we are conducting experiments with nitogen fixation bacteria to determine the most favorable conditions for the obtaining of interpretable data.
It may be of interest to show just how the free energy calculations of a biological process are made from approximate data found in the literature.
If we wish to find the efficiency of the process of the fixation of nitrogen by Azo~obacter in a 0.1 molal solution of mannite, it is only necessary to consider the mannite in the thermodynamic calculations, since the concentration of the essential salts added is extremely small compared with that of the maunlte itself. the entropies of the substances involved in the above reaction, we must know their specific heats from the absolute zero up to 25°C., the temperature at which the reactions take place. The entropy of each substance is related to the average atomic heat at constant volume, C,, by the thermodynamic equation:
Although we have sufficient data from which to calculate the entropies of COs and of H~O, there are no such data available for mannite. We can, however, obtain an approximate value for our present purpose by comparing its average atomic heat at 25°C. (the only value found in the literature) with those of other substances whose entropies are known and whose average atomic heats at 25°C. are approximately of the same magnitude as that of the mannite. For this purpose, we may plot Co against log T for solid crystalline CsI-I6 and for graphite. Since for a certain class of substances these curves do not intersect, but approach the absolute zero in the same general way, we may locate between these two curves the average atomic heat curve for mannite. 4
The area under this curve amounts to approximately 0.95. This multiplied by the number of atoms and by 2.3 (see Equation 2) gives 56.8 entropy units. Subtracting from this value the entropies of 14 hydrogen atoms (222.6), 6 oxygen atoms (144.6), and 6 carbon atoms (7.8), we obtain -318 entropy units as the value of AS for mannite. We then have for the free energy of formation of 1 tool of solid crystalline mannite from its elements at 25°C.
AF ~ hH --TAS ----315,060 --(--94,760) ----220,300 calories
Finally to obtain the free energy of 1 tool of mannite when dissolved in 10 kilos of water, we may assume, in the case of substances like mannite, that the activities are proportional to the concentrations, so that for the free energy of dilution from saturation to 0.1 molal
1.49

AF I ~ --RTln
--= --1,600 calories 0.1 Adding this to the above value, we obtain -221,900 calories. With this value we can now calculate the available or free energy of the reaction.
C6H1406 + 6½ O2 = 7 H20 + 6 CO2 or AF¢ ~ 7(--56,620) --}-6(--94,360) --(--221,900) = --740,600 calories
This would be the maximum amount of energy at the disposal of the Azotobacter in 10,182.1 gin. of solution, 182.1 gin. of which is mannite, if the latter were all converted into CO2. To be sure, a certain amount of the carbon of the mannite is utilized by the bacteria in the building of their proteins; the exact amount so combined will need to be determined experimentally. For the present, let us assume that all the carbon in the mannite is converted into COy
As previously noted in the introduction, a thermodynamical calcnlafion of transfer of energy involves a knowledge of the initial and final states of the system. In the present instance, we have mannlte as the initial state--the final state is not yet known. For the purpose of this calculation, we may assume the final product to be hydrated ammonia. Under this assumption, -740,600 calories would be sufficient energy to form about 10 tools of ammonia from water and nitrogen gas; that is, if the bacteria acted directly or indirectly merely as catalytic agents. As a matter of fact, it is shown in Greaves '5 summary of nitrogen fixation by Azotobacter that the amount of nitrogen fixed is only about 1 per cent of the weight of mannite, or, in molal proportions, for every tool of mannite used up only about 0.1 tool of ammonia is formed. According to the source above quoted, we would obtain about 0.1 tool of ammonia instead of 10 tools, or only about 1 per cent of the total available energy is utilized in the fixation of nitrogen.
